Aiming at addressing serious pollution in the No. 30106 fully mechanized coal mining face of Shiquan Coal Mine during coal cutting process, the spraying device between hydraulic supports was improved through the combination of experimental analysis, numerical simulation, and field measurement, and a novel wind-assisted centralized spraying dedusting device was developed. The newly developed device could make the formed spraying field more concentrated on the dust-producing source around the coal shearer's drum, and thus significantly enhanced the spraying performance. According to numerical simulation results, the spraying performance reached the optimum at a hydraulic pressure of 8 MPa for the spraying device and an air pressure of 1 MPa for the pneumatic motor; under these optimal conditions, the droplet concentration in the spraying field around the coal cutter drum was as high as 24.85 g/m 3 , and the formed high-concentration spraying field could basically cover the whole section in the spraying field from coal wall to the support pillar. Field measured results revealed that, at a hydraulic pressure of 8 MPa and an air pressure of 1 MPa, the dust suppression rate around coal cutter driver reached up to 87.96%, suggesting that the developed windassisted centralized spraying dedusting device had remarkable dust suppression performance and could effectively improve the operating environment in the fully mechanized mining face.
Introduction
Fully mechanized coal mining faces are the most important dustproducing sites in a whole coal mine production system, and also encounter the highest difficulty in dust suppression. Fully mechanized mining faces are characterized by multiple dustproducing procedures and great dust productions, and now have become the greatest dust-producing sources in mines. In a fully mechanized mining face, dusts are mainly produced in a lot of working procedures including coal cutting, the movement of hydraulic supports as well as the transportation and conveying of coals, of which coal cutting procedure produces the greatest amount of dust (Li et al. 2013; Nie et al. 2016b; Qin et al. 2011; Wang et al. 2014; Cheng et al. 2017; Chen et al. 2018a, b ; Cheng et al. 2012 ). According to field measurement results in many coal mines, the instantaneous dust concentration in some local regions during coal shearer's coal cutting process even exceeded 3000 mg/m 3 . Such a high concentration of dusts seriously exceeded the standard and posed severe threats to the health andsafety of undergroundworkers (Nie et al.2015b; Nieet al. 2017a; Wang et al. 2016 Wang et al. , 2015 Zhou et al. 2011; Liu et al. 2017a Liu et al. , b, 2018a Nie et al. 2017b; Zhang et al. 2018a; Hu et al. 2018; Wang et al. 2017a ). According to the notification released by National Health and Family Planning Commission of the People's Republic of China, the total number of the patients suffering from occupational diseases and pneumoconiosis has been increasing from 2009 to 2014, and the workers' occupational health problems became increasingly serious; by 2014, 863,634 occupational disease cases in total were reported in China, of which 29,972 were new-reported cases in 2014; among all these cases, over 90% were pneumoconiosis and silicosis (Fig. 1) . The workers in fully mechanized mining faces, with the greatest amount of dust, were extremely vulnerable to occupational diseases (Bhaskar 1988; Konorev and Nesterenko 2012; Yu et al. 2017a; Wang et al. 2017b; Ni et al. 2018a, b) .
On the other hand, a certain concentration of dust easily caused the accident of dust explosion and thus severely threatened the life safety of underground workers as well as high efficiency and safe production in the mines Nie et al. 2016b; Yang et al. 2012 ). In the past decades, a great number of major and serious accidents have occurred in China. On November 26th, 2014, a major combustion accident induced by coal dust explosion occurred in Hengda Coal Corporation, Liaoning Fuxin Mining Co., Ltd., causing 28 deaths and 50 injuries; at 1:37 on February 14th, 2017, a major coal dust explosion accident occurred in Zubao Mine, Lianyuan City, China, which caused 10 deaths and 2 injuries. Therefore, improving dust suppression and control technique and reducing dust concentration in fully mechanized mining faces will be of great significance for safety production in mines (Cheng et al. 2016; Gidaspow 1994; Luo et al. 2013; Nie et al. 2016a; Serafin et al. 2013; Zhang et al. 2011) .
Spraying dust suppression exhibits a series of advantages including high efficiency, low cost, and easy operation and now is most widely applied in coals for dust control. The spraying devices in a fully mechanized mining face mainly include spraying around hydraulic supports, spraying in and out of coal shearer, and spraying at coal transferring point, among which the spraying around hydraulic supports is a quite important measure for suppressing the production and diffusion of dust in coal cutting and other working procedures. Therefore, gaining an in-depth knowledge of dust suppression mechanism of spraying around hydraulic supports and improving the related dust suppression efficiency are very important for dust prevention in fully mechanized mining faces (Nie et al. 2016b (Nie et al. , 2015a Zhou et al. 2015) .
Scholars from all over the world have made great improvements on spraying techniques around hydraulic supports for a long time. Ren et al. (2014) developed a kind of negativepressure spraying dust suppression device that was installed on front canopy between hydraulic supports. This device could inhale the dust in the footway and thus improve dust suppression rate. Wang (2008) optimized the spraying technique between the supports in a fully mechanized mining face in Dongtan Coal Mine; specifically, the spraying direction was changed to be vertical to coal wall, thus forming a greater spraying area and significantly enhancing dust suppression performance. Based on field test results, Zuo et al. (2013) optimized the design of support spraying system and adjusted the spraying field range by varying the angle of nozzle via the slideway. Zhou et al. (2011) installed spraying devices on the top beam, in front, and behind the support; moreover, they selected the nozzles with large spraying ranges and thus increased the coverage area of support spraying. Liu (2007) conducted the spraying experiments for comparing droplet size distributions under different spraying pressures and concluded that the optimal water-supply pressure for support spraying was 8 MPa. However, due to the complex environment in fully mechanized mining faces, the spraying field formed by the existing support spraying devices can hardly cover the region from coal wall to the support pillar; moreover, the coal shearer's drum can hardly be effectively wrapped by high-concentration droplets, thus imposing limited function on the suppression of dust production and diffusion around dust-producing sources. Conclusively, it is in urgent need to optimize the hydraulic support spraying devices.
Such high concentrations of droplet particle clusters are required for the settlement of dust particles (Han et al. 2016; Tessum and Raynor 2017) . In previous studies, scholars mainly investigated the characteristics of spraying field using some macroscopic parameters including atomizing angle and spraying range and microscopic parameter such as droplet size, but neglecting the concentration of droplets in the spraying field that imposed great effects on the spraying dust suppression performance. Hence, the formed droplet particle clusters could hardly be concentrated on dust-producing and high-concentration dust regions (Charinpanitkul and Tanthapanichakoon 2011; Faschingleitner and Höflinger 2011; Prostański 2013; Poggi et al. 2017; Hua et al. 2018a, b; Liu et al. 2018b, c) . Therefore, this study optimized and improved the support spraying devices in the fully mechanized mining face. Specifically, a cover was added outside of the spraying pipe, on which an spraying nozzle jet and an air-suction inlet were set in the front and at the back of the cover; a pneumatic motor was installed at the air-suction inlet for driving the rotation of impellers so as to provide highvelocity airflow; accordingly, the spraying field around the support spraying devices could be more concentrated on the dustproducing source around the coal shearer's drum for enhancing the spraying dust suppression performance. However, the spraying between supports was poorly investigated by the scholars all over the world and thus less developed. This study first determined the optimal parameters of wind-assisted centralized spraying dedusting device based on the numerical simulation results of droplet concentration distribution in the spraying field, and the devices were applied in the No. 30106 fully mechanized coal mining face of Shiquan Coal Mine that could reflect the characteristics of the present typical workface in China.
According to the measured results, after the wind-assisted centralized spraying device was opened, the dust concentration at each position around the driver of the coal shearer and on the leeward side of the coal cutter remarkably decreased, suggesting that the formed spraying field could concentrate on the dust-producing sources around the drum and cover all Fig. 2 Illustration of negativepressure injection dust suppression mechanisms Fig. 3 Illustration of the windassisted centralized spraying dedusting device sections from the coal wall to the hydraulic support pillar. Accordingly, the use of the novel wind-assisted centralized spraying device could effectively reduce high-concentration dust produced in the fully mechanized mining face and therefore improve the working environment.
Development of a wind-assisted centralized spraying de-dusting device
According to the structures of coal shearer and hydraulic supports, dust-producing characteristics, and negative-pressure injection dedusting mechanism (Fig. 2) in the No. 30106 fully mechanized coal mining face of Shiquan Coal Mine, a windassisted centralized spraying dedusting device was developed; specifically, the stainless steel cover was added outside of the spraying pipe, a spraying jet and an air-suction inlet were set in the front and at the back of the cover, and a pneumatic motor with impellers was installed around the air-suction inlet. The working principles of this wind-assisted centralized spraying dedusting device are described as below. Three nozzles were arranged around the spraying jet, with the included angle from coal wall of 15°, 45°, and 75°, respectively; then, a spraying field that could basically cover the whole-section space from coal wall to hydraulic support in the fully mechanized mining face was formed to directly capture the dust. The formed spraying field could fill the whole trumpet-shape nozzle jet, and a negative-pressure field was formed behind the nozzle due to the effect of entrainment; accordingly, the dust could be inhaled into the spraying field for collection and settlement. Moreover, a pneumatic motor was installed near the air-suction inlet in the device, which could produce highvelocity airflow in a same direction with spraying and make the spraying field more concentrated on the coal shearer's drum, thereby greatly enhancing spraying dedusting performance and injection-induced dust collection performance. An air-induced plate was also set around the spraying jet at an inclination angle of 45°for leading the horizontal airflow to migrate downwards (Fig. 3) . The developed wind-assisted centralized spraying dedusting device was installed at the oil cylinder on the top beam; moreover, a spraying device was arranged every other hydraulic support.
An anti-explosion micro-pneumatic motor was used in this wind-assisted centralized spraying dedusting device. Owing to simple structure and high output efficiency, it was applied to complex underground environment in the mine. According to the measured results, the impeller could hardly provide sufficient air volume at a too low air pressure, while the stability of the developed wind-assisted centralized spraying dedusting device dropped at a too high air pressure; at an air pressure of 0.4~1.0 MPa, the motor impeller could provide continuous and stable airflow.
Measurement of the spraying field's macroscopic characteristics and optimal selection of the nozzle
Experimental platform for the measurement of the spraying field's atomization characteristics An experimental platform was constructed for measuring the microscopic atomization characteristics of the formed spraying field (Fig. 4) . The experimental platform mainly consists of the simulation device of coal mine tunnel, a phase Doppler laser interferometer (PDI), the ventilation facility, the tunnel environment measurement device, and the spraying device. The simulation device of coal mine tunnel, with a size of 5.0 m * 3.2 m * 3.2 m, was made of organic glasses with a thickness of 2 cm and supported by steel skeleton structures. A PDI mainly consists of a signal emitter, a signal receiver, a signal processor, the control computer, and AIMS software. In spraying experiments, multiple laser beams are emitted from the signal emitter and then focus on a measuring point, and the microscopic information at this measuring point received by the signal receiver is then fed back to the signal processor; after the processing using AIMS software, the detailed microscopic information of the spraying field can be acquired. The ventilation device mainly includes a draw-out exhaust fan and a frequency converter. Using the draw-out exhaust fan, the airflow was supplied to the simulated tunnel, and the airflow volume per unit time could be controlled by changing the draw-out fan's rotational speed via the frequency converter. The exhaust fan, with an airflow volume range of 0~1200 m 3 /min, was completely capable of simulating the experimental tunnel. The spraying device mainly consists of a water tank, a pressurization pump, a spraying rod, and some nozzles. Specifically, water from the water tank was pressurized and transported to the nozzles on the spraying rod, then forming a spraying field. The pressurization pump operated at a pressure of 0~10 MPa.
The established multi-factor experimental platform cannot only measure macroscopic atomization parameters, but also make statistics and analysis of various microscopic atomization parameters mainly including droplet velocity, size, and concentration with the use of PDI.
Optimal selection of the nozzle
Nozzle is one of the most important parts in a spraying dedusting device, whose atomization performance directly affects the spraying device's dust suppression performance. The nozzle that was suitable for the developed pneumatic negative-pressure spraying device between hydraulic supports should satisfy the following conditions: (1) moderate atomizing angle and favorable atomization performance; (2) the formed spraying field was less affected by horizontal airflow, with large effective spraying ranges; (3) moderate nozzle diameter (since too small pores easily led to blockage while too large pores consumed a great deal of water). Through preliminary selection, the following nozzles were selected and used in the pneumatic negative-pressure spraying device: (1) Table 1 ). These three types of nozzles were compared and further selected based on the measured spraying field's macroscopic atomization characteristics.
Next, the atomization characteristics of the spraying fields of these three types of nozzles were measured. The specific experimental procedure is described below:
(1) The nozzles were arranged vertically downward.
(2) The draw-out exhaust fan was opened and the airflow velocity was measured by the anemometer (TSI9545, Fig. 6 ). The airflow velocity in the simulated tunnel (Fig. 7) . (3) The pressurization pump was opened for setting the hydraulic pressure as 2 MPa, 4 MPa, 6 MPa, and 8 MPa, respectively, and the nozzles' atomization characteristic parameters were measured, as listed in Table 2 .
As shown in Table 2 , with the increase of spraying pressure, the atomizing angle of the formed spraying field decreased gradually while the effective spraying range gradually increased. Under a same hydraulic pressure, Nozzle 1# had moderate atomizing angle and effective spraying range, thus showing moderate comprehensive atomization performance. At a hydraulic pressure of 8 MPa, the effective spraying range of Nozzle 1# was 1.92 m. Among these three nozzles, Nozzle 2# had the largest atomizing angle; this fine spraying nozzle injected small droplets, which were easily affected by horizontal airflow. At a hydraulic pressure of 8 MPa, the effective spraying range of Nozzle 2# was only 1.21 m, i.e., Nozzle 2# was poor in comprehensive atomization performance. At the same hydraulic pressure, Nozzle 3# showed the smallest atomizing angle but largest effective spraying range, suggesting that the formed spraying field was concentrated and droplets had strong migration ability in the horizontal airflow field. At a hydraulic pressure of 8 MPa, the effective spraying range of Nozzle 3# was 2.46 m and the atomizing angle was 80.4°. Accordingly, Nozzle 3# was most favorable in terms of comprehensive spraying performance and thus selected in the windassisted centralized spraying dedusting device.
Numerical simulation on the droplet density distribution in the spraying field and the related experimental validation
Establishment of the mathematical model of spraying process
This study conducted numerical simulations on the formed spraying field mainly based on Taylor analogy break-up (TAB) model and wave-induced break-up (WAVE) model. TAB model has favorable adaptability to jet atomization with low Weber numbers and the flowing of low-velocity jet into standard-state air. By contrast, WAVE model is more adaptive to the conditions with a Weber number over 100. This study selected TAB model for numerical simulations. Assuming that F denotes the applied force, that k denotes the tension on droplet wall, and that d denotes the viscous force on the droplet, then the control equation of forced and damped vibration 
where x denotes the displacement of the droplet from the equilibrium position. In accordance with Taylor analogy, the following expression can be derived:
where ρ l denotes the liquid density, with a unit of kg/m 3 ; u denotes the relative velocity between gas and droplet, with a unit of m/s; r denotes the droplet radius before deformation, with a unit of m; σ denotes the liquid's surface tension, with a unit of N/m 2 ; μ l denotes the liquid's viscosity, with a unit of Pa·s. Assuming that y = x/C b r, Eq. (2) can be transformed into the following dimensionless form in accordance with Eq. (1):
where C F , C k , C d , and C b are the dimensionless constants.
Only when y > 1, the droplet is smashed. Assuming that the relative velocity between undamped droplet and air, denoted as u, remains unchanged, then Eq. (3) can be solved as below:
where
The equilibrium of the interactions on liquid droplets can be described as:
where u p denotes the particle's velocity; u denotes the velocity of the continuous phase; ρ denotes the density of the continuous phase; μ denotes the dynamic viscosity of the continuous phase; ρ p denotes the particle's density; d p denotes the particle's diameter; F x denotes the other forces mainly including gravity and Saffman force; F D (u-u p ) denotes the dust particle's unit mass drag force;
; a 1 , a 2 , and a 3 were all constants for spherical particles within a certain Reynold number range. During Fig. 8 Numerical simulation results of the droplet density distribution Fig. 9 Experiments for the measurement of the droplet concentration distribution in the spraying field Fig. 10 Experimental data of the droplet concentration in the spraying field the migration process, dust particles were mainly subjected to the fluid's drag force, followed by gravity. In this study, the fluid's drag coefficient was set as 0.01 and the gravitational acceleration was set as − 9.8 m/s 2 (Kelager 2006; Plumecocq et al. 2017; Wang et al. 2017c; Yu et al. 2017a, b; Chen et al. 2018c; Zhou et al. 2017 Zhou et al. , 2018 Sun et al. 2018; Yu et al. 2018a Yu et al. , 2018b Zhang et al. 2018b; Nie et al. 2017c Nie et al. , 2018 .
Numerical simulation on the droplet concentration distribution in the spraying field Based on the above-described experimental platform for the measurement of the spraying field's atomization characteristics, a full-scale model of the tunnel, with a length of 5.0 m, a width of 3.2 m, and a height of 3.2 m, was established using Solidworks for conducting numerical simulation on the droplet concentration distribution in the spraying field. The spraying jet was set in the center of the tunnel's horizontal plane, 0.3 m away from the tunnel top in vertical direction. The main parameters in the present numerical simulation were set as listed in Table 3 .
After iterative equilibrium, the results were imported to CFD-POST for data post-processing and analysis. The spraying jet was set as the origin point in the coordinate system, and X-Y cross-section was set across the spraying jet. Using X = 0 as the axis of symmetry, the formed macrospraying field significantly deviated towards the leeward side under the action of horizontal airflow. Thus, the spraying range on the leeward side of the spraying field exceeded that on the windward side. In the spraying field, the droplet concentration at Point , respectively, ρ (E1) <ρ (F1) <ρ (G1) <ρ (I1) <ρ (H1) . Apparently, the droplet concentration on the leeward side in the spraying field was significantly greater than that on the windward side.
Experimental validation of droplet concentration distribution in the spraying field
The used PDI, for measuring the droplet concentration in the spraying field, has a measuring range of 0~5000 g/m 3 , i.e., it is quite qualified for the present experiment. The spraying field's droplet concentration distribution rules that were measured using the experimental platform were also compared with the simulation results for validating the accuracy of the simulation results. During the experiments, the exhaust fan was opened and the airflow velocity in the experimental tunnel was set as 1.5 m/s. The solid-cone single-rotational-flow nozzle with a pore diameter of 2.4 mm was selected in the experiment, during which the hydraulic pressure was fixed as 8 MPa (Fig. 9) . The experimental measuring points were consistent with the measuring points in the numerical simulation. Similarly, the spraying jet was set as the origin point of the coordinate, X-Y cross-section was set across the spraying jet, and nine measuring points (A 2 , B 2 , C 2 , D 2 , E 2 , F 2 , G 2 , H 2 , and I 2 ), with the coordinates of (0 m were set on X-Y cross-section. Next, PDI was opened for measuring the droplet concentrations at different measuring points in the spraying field ( Fig. 10) . At each measuring point, the measurement was taken three times for averaging. The statistics of the measured results of droplet concentration were then compared with the simulation results for validation. Table  4 lists the statistical results of the measured results and simulation data of droplet concentration at different measuring points in the spraying field as well as the analysis results of relative error. It can be observed that the measured droplet concentrations agreed well with the numerical simulation results. Under the action of airflow, the formed spraying field moved towards the leeward side, and the droplet concentration on the leeward side significantly exceeded that on the windward side. Through comparison and validation, the maximum error between these two results was only 10.50%, suggesting that the numerical simulation data were highly consistent with the experimentally measured results. It means that the droplet concentration distribution rules simulated by Fluent software were basically accurate. Therefore, it is feasible to conduct simulation on the droplet concentration distribution rules in the spraying field using the wind-assisted centralized spraying dedusting device in the No. 30106 fully mechanized mining face of Shiquan Coal and finally determine the optimal atomization parameters.
Numerical simulation on the spraying condition in the No. 30106 fully mechanized coal mining face of Shiquan Coal
Establishment of the physical model of the fully mechanized mining face and mesh generation According to the practical condition of the No. 30106 fully mechanized mining face of Shiquan Coal Mine, a rectangular model with an approximate size of 32 m * 6 m * 3 m was established using Solidworks, in which a coal shearer, a scraper conveyor, and hydraulic supports were added. Specifically, coal shearer has a length of 10.5 m, the coal shearer's drum has a diameter of 1.2 m, and a single hydraulic support has a width of 1.6 m; 20 hydraulic supports in total were arranged; on the windward side, the first 11 hydraulic supports were moved while the rest 9 hydraulic supports remained unchanged (Fig. 11) .
The calculation region in the model was approximately a rectangular enclosed space. As shown in Fig. 12 , the drum of the coal shearer and the wind-assisted centralized spraying dedusting device were then divided into several tetrahedral Fig. 13 Illustration of the setting of numerical simulation sections for investigating the droplet concentration distribution rules in the spaying field Fig. 12 The physical model of the fully mechanized mining face after mesh generation meshes, with a length range of 0.2~0.8 m. Through calculation, the total number of meshes was over 2.6 million, and the ratio of the meshes with the quality over 0.4 was as high as 98.53%, suggesting that the generated meshes fully satisfied the requirements in numerical simulation.
Settings of spraying parameters
In the established model of the No. 30106 fully mechanized mining face, the airflow served as the continuous-phase medium in the calculation region, with a density of 1.225 kg/m 3 1 P w =2MPa 2 P w =4MPa 3 P w =6MPa 4 P w =8MPa and a dynamic viscosity of 1.7894 * 10 −3 Pa·s; airflow velocity in the tunnel was set as 1.5 m/s. The discrete airflow medium was set as water-liquid; the nozzle's injection mode was set as Pressure-Swirl-Atomizer, and the wall condition was set as Trap. The transient solver and realizable k-ε model equation were selected in the calculation based on simple algorithm. After iterative equilibrium, the results were imported to CFD-POST for data post-processing and analysis. As shown in Fig. 13 , some cross-sections in the fully mechanized mining face at the perpendicular bisection of the front drum of the coal shearer were selected, which were also located between coal shearer and the support pillar as well as between the scraper conveyer and support spraying system; six points in total, denoted as A, B, C, D, E, and F, were symmetrically set on these sections, which were tangent to the front drum of the coal shearer, and the droplet concentrations at these six points were averaged and adopted as the droplet concentration around the drum.
Effects of spraying pressure on the formed spraying field around the hydraulic supports
In order to determine the optimal spraying pressure, the pneumatic motor was first not opened, and the spray pressure (P w ) in the simulation was set as 2 MPa, 4 MPa, 6 MPa, and 8 MPa, respectively, to analyze the coverage range and migration rules of the droplets in the spraying field with a droplet concentration over 1 g/m
3
. Figure 14 shows the distribution rules of the droplet concentration on different cross-sections in the spraying field in front of the coal shearer's drum, in which ρ denotes the droplet concentration in the spraying field, with units of g/m 3 . It can be observed from Fig. 14 that: (1) At a macroscopic scale, when the spraying pressure was 2 MPa, the spraying performance was poor, and the spraying field was significantly blown away by the horizontal airflow. The spraying field in which the droplet concentration exceeded 1 g/m 3 migrated up to 8.2 m on the leeward side of the coal shearer's drum, thus leading to a low concentration of droplets around the shearer drum, and the high-concentration droplets could not fully cover the region from coal wall to the support pillar. With the increase of spraying pressure, droplets showed stronger migration ability in the horizontal airflow field, the formed spraying field became more centralized, and the droplet concentration around the shearer drum in the spraying field also increased. At a spraying pressure of 8 MPa, the maximum migration distance of the spraying field in which the droplet concentration exceeded 1 g/m 3 from the shearer drum was reduced to 5.6 m, and the formed high-concentration spraying field could favorably cover the space from coal wall to the support pillar but could not effectively cover the coal cutter drum.
(2) At a microscopic level, the average value of the droplet concentrations at six points around the front drum of the coal shearer in Fig. 14 was calculated and then adopted as the droplet concentration around the coal cutter drum in the spraying field. It can be observed that: when P w = 2 MPa, ρ = . With the increase of spraying pressure, the droplet concentration around the front drum of the coal shearer increased gradually. However, the highconcentration dust produced in coal cutting by the front drum of the coal cutter could hardly be suppressed by the low-concentration droplets from a single spraying system, i.e., dust suppression around the shearer drum could hardly be satisfied. Therefore, the pneumatic motor should be opened for enhancing the spraying system's dust suppression performance.
Effects of the opening of the pneumatic motor on the spraying field among the hydraulic supports
In Fluent numerical simulation software, the spraying pressure, denoted as P w , was set as 8 MPa, and the airflow parameters of the wind-assisted centralized spraying dedusting device were also set appropriately. In order to gain clearer understanding of the relationship between the air pressure of the pneumatic motor and airflow parameters, the air pressure of the pneumatic motor, the airflow velocities at the spraying jet, the lateral air-suction inlet, and the main air-suction inlet were measured using the anemometer (TSI9545), and the corresponding airflow parameters of the wind-assisted centralized spraying dedusting device were set for numerical simulation (Fig. 15) . The numerical simulation results of the droplet concentration distributions in the spraying fields formed by the wind-assisted centralized dedusting device at different air pressures (i.e., 0.4 MPa, 0.6 MPa, 0.8 MPa, and 1.0 MPa) were acquired, and the cloud charts of the droplet concentration distributions on different cross-sections around the front Fig. 15 Relationships between the air pressure of the pneumatic motor and various airflow parameters drum of the coal cutter in the spraying field were selected, as shown in Fig. 16 , in which ρ denotes the spraying and P a denotes the air pressure of the pneumatic motor.
From Figs. 15 and 16, the following conclusions were drawn:
(1) Before the opening of the pneumatic motor, under the action of injection-induced air suction of the formed spraying field, the airflow velocity in the air-suction inlet of the wind-assisted centralized spraying dedusting device was only 2.21 m/s, i.e., the air suction performance 1 P a =0.4MPa
2 P a =0.6MPa
3 P a =0.8MPa
4 P a =1.0MPa was not ideal, and the airflow velocity around the spraying jet was also only 2.86 m/s. Apparently, such low airflow velocities could hardly enhance the spraying performance. After the opening of the pneumatic motor, both airflow velocities at the air-suction inlet and the spraying jet significantly increased; with the increase of the air pressure, both airflow velocities at the air-suction inlet and the spraying jet increased gradually. At an air pressure of 1.0 MPa, the airflow velocity at the airsuction inlet was 12.47 m/s, i.e., the air suction performance was remarkably enhanced, and the airflow velocity at the spraying jet increased to 15.08 m/s. Such a high airflow velocity at the air-suction inlet could inhale the high-concentration dust into the spraying field for dust suppression and purification, thereby enhancing the device's dust suppression performance. Meanwhile, the high airflow velocity could help to improve the spraying device's atomization performance so that the spraying field could be more centralized on the coal shearer's drum. (2) According to the droplet concentration distribution results in the spraying field, after the opening of the pneumatic motor, the high-velocity airflow produced from the pneumatic motor was conductive to the enhancement of the migration ability of the droplets in the horizontal airflow, and the spraying field could be more concentrated on the dust-producing source around the shearer drum. As shown in the clout charts of the droplet concentration distributions on different sections, when P a = 1.0 MPa, the droplet concentration in over 90% of the spraying field exceeded 10 g/m 3
, which could significantly improve the atomization performance, and the formed high-concentration spraying field could effectively cover the space from coal wall to the support pillar and thereby suppressed the diffusion of dust. According to the cloud charts of droplet concentration on different sections in the spraying field, the average value of the droplet concentrations at six points around the front drum of the coal shearer was calculated and then adopted as the droplet concentration around the shearer drum in the spraying field. It can be observed that: when P a = 0.4 MPa, ρ = 9.66 g/m 3 ; when P wa = 0.6 MPa, ρ = 12.98 g/m 3 ; when P a = 0.8 MPa, ρ = 15.86 g/m 3 ; when P a = 1.0 MPa, ρ = 24.85 g/m 3 . With the increase of spraying pressure, the droplet concentration around the shearer drum in the spraying field increased gradually. Compared with the conditions that the pneumatic motor was opened when P w = 8 MPa and P a = 1.0 MPa, droplet concentration at the dustproducing source around the shearer drum when no pneumatic motor was opened (P w = 8 MPa) increased from 5.84 to 24.85 g/m 3 , with an increasing ratio of 325.5%. In other words, the spraying performance was remarkably enhanced, and the formed spraying field could be more concentrated on the dust-producing source around the shearer drum, which could effectively wrap and settle the dust produced in coal cutting process. (3) By comprehensively analyzing the droplet distribution rules in the spraying field around the shearer drum and from coal wall to the support pillar, the optimal spraying parameters of the wind-assisted centralized spraying dedusting device were set as: P w = 8 MPa and P a = 1.0 MPa.
Application of the developed wind-assisted centralized spraying dedusting device and the field measurement of dust suppression performance
As shown in Fig. 17 , in the No. 30106 fully mechanized mining face, the developed wind-assisted centralized spraying device was installed near the oil cylinders on the top beams of the hydraulic supports. A set of device was arranged between two hydraulic supports. During the coal cutting process, the nearest wind-assisted centralized spraying dedusting devices on the windward side in front and at back of the coal cutter drum were opened. After the wind-assisted centralized spraying dedusting device was opened, the dust suppression performance in the No. 30106 fully mechanized of Shiquan Coal Mine was measured using the mine dust sampler (AKFC-92, Fig. 18 ). At the position where the shearer driver operated and dust pollution was quite severe in coal cutting operation, the dust concentrations under the following nine conditions were measured, as listed in Table 5 .
In each case, dust concentrations were taken for three times and averaged as the final dust concentration; meanwhile, dust suppression rate was calculated, as the statistical results listed in Fig. 19 .
It can be observed from Fig. 19 that, when no dust suppression measures were taken, the dust concentration around the coal cutter driver was as high as 804.62 mg/m 3 ; when the spraying system in the developed wind-assisted centralized spraying dedusting device was opened but the pneumatic motor was not opened, the dust concentration significantly decreased with the increase of spraying pressure, which was finally reduced to 356.24 mg/m 3 at a spraying pressure of 8 MPa, and the dust suppression rate was only 55.72%, showing unsatisfactory spraying performance; when both the spraying system and the pneumatic motor were opened (in which the spraying pressure was set as 8 MPa), the spraying performance was gradually enhanced with the increase of air pressure, yielding gradual decrease of dust concentration. At a spraying pressure of 8 MPa and an air pressure of 1.0 MPa, dust performance reached the optimum and dust concentration decreased to 96.91 mg/m 3 , with a dust suppression rate up to 87.96%. The measured results also demonstrated that the spraying dedusting performance was gradually enhanced with the increase of spraying density and reached the optimum at a spraying pressure of 8 MPa and an air pressure of 1.0 MPa. The measured results fitted well with the above-described numerical simulation results of the No. 30106 fully mechanized coal mining face.
Conclusions
(1) We firstly conducted numerical simulation on the droplet concentration distribution rules in the formed spraying field after the wind-assisted centralized spraying dedusting device was opened in the No. 30106 fully mechanized coal mining face. According to numerical simulation results, when only the spraying system was opened but the pneumatic motor was closed, the formed spraying field was scattered and high-concentration spraying droplets were hardly concentrated on the coal shearer's drum, showing unsatisfactory dust suppression performance; after the pneumatic motor was opened, the formed spraying field was significantly more concentrated on the shearer drum with the increase of air pressure, and the droplet density in the spraying field from coal wall to the support pillar greatly increased. (2) The optimal spraying parameters were determined through numerical simulation. Under optimal spraying conditions (P w = 8 MPa and P a = 0.4 MPa), the droplet concentration around the coal cutter drum in the spraying field reached up to 24.85 g/m 3 , the droplet concentration in over 90% of the tunnel section exceeded 10 g/m 3 , and the wind-assisted centralized spraying dedusting performance was ideal. (3) According to field measurement results, after the windassisted centralized spraying dedusting device was opened in the No. 30106 fully mechanized coal mining face, the dust produced in the coal shearer's coal cutting process was significantly suppressed, and the dust suppression rate around the shearer driver was as high as 87.96%, suggesting that the developed dedusting device could effectively capture and settle the highconcentration dust produced in coal cutting process and showed remarkable dust suppression performance.
